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(54) Nanostructure fabrication using microbial mandrel 



(57) An array of nanostructures has a multiplicity of 
nanostructures 70 disposed in a predetermined pattern 
on a substrate 10, the nanostructures being oriented in 



a predetermined orientation, and the nanostructures be- 
ing characterized by interior dimensions commensurate 
with the dimensions of predetermined microbes 40. 
Methods of fabricating the array are disclosed. 
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Description 

TECHNICAL FIELD 

[0001] This Invention relates generally to fabrication 
processes for nanostructures and more particularly to 
use of microbial mandrels in fabrication of nano-tube 
structures. 

BACKGROUND 

[0002] Many applications have been identified for na- 
nostructures. In many of these applications, such as pol- 
ymer reinforcements, electrodes for batteries and fuel 
cells, electron-emitters, gas filters, etc., the arrange- 
ment of the nanostructures can be a random or nearly 
random collection of hundreds, thousands, or millions 
of nanostructures. Some of the fabrication methods for 
nanostructures are well suited for fabricating the struc- 
tures in such random positions and orientations. Some 
applications can use individual nanostructures that can 
be manipulated into particular configurations by using 
microscopic manipulation tools such as MEMS tweez- 
ers, laser light tweezers, etc. However, many other ap- 
plications require orderly arrangements of nanostruc- 
tures in arrays, which is not always easy to achieve. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0003] The features and advantages of the disclosure 
will readily be appreciated by persons skilled in the art 
from the following detailed description when read in con- 
junction with the drawings, wherein: 

FIGS. 1,2, 3A, 4A, and 5 A are perspective views 
of various stages in an embodiment of a fabrication 
method performed in accordance with the inven- 
tion. 

FIGS. 3B, 4B, and 5B are side elevation cross-sec- 
tion views of structures corresponding to FIGS. 3A, 
4A, and 5 A respectively. 

FIG. 6 is a flow chart illustrating an embodiment of 
a fabrication method performed in accordance with 
the invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 

[0004] Throughout this specification and the append- 
ed claims, the prefix "nano-" and theterms "nano-scale," 
"nanostructure," "nano-tube," etc. denote structures 
having minimum dimensions of the order of about a mi- 
crometer or less. Maximum dimensions, such as the 
length of a rod or tube, may of course be larger. The 
term "propagule," in addition to its ordinary reproductive 
meaning synonymous with "disseminule," denotes any 
precursor form of a nano-scale biological structure. For 



simplicity and clarity of the exposition, all the embodi- 
ments described below refer to nano-scale biological 
structures as "microbes" and use the adjective form "mi- 
crobial." 

s [0005] In accordance with one aspect of the present 
invention, a method is provided for fabricating nano- 
scale structures by using microbes as mandrels for 
forming nanostructures. One embodiment of such a 
method includes providing a substrate, depositing a nu- 
10 trient medium on the surface of the substrate, introduc- 
ing microbes or propagules thereof onto the nutrient me- 
dium, growing the microbes to form elongated oriented 
sacrificial mandrels, coating each oriented sacrificial 
mandrel with an outer layer of a desired nano-tube ma- 
's terial, and removing the sacrificial mandrels, while leav- 
ing oriented nano-tubes. 

[0006] FIGS. 1, 2, 3A, 4A, and 5A are perspective 
views of various stages in such an embodiment of a fab- 
rication method performed in accordance with the inven- 

20 tion, and FIG. 6 is a flow chart illustrating the method 
embodiment. In FIG. 6, various steps of the method are 
denoted by reference numerals S10, S20, S90. 
[0007] For high yield and quality, the method is per- 
formed in an environment that is substantially free of un- 

25 desired organisms. This can be achieved by providing 
an environment that is initially sterile (step S10). The 
fabrication uses a substrate 10 on which microbes will 
not grow (step S20). Substrate 10 can be a clean, bare, 
planar surface of metal, semiconductor, or insulator, for 

30 example. A silicon wafer, similar to those used in semi- 
conductor integrated circuit fabrication processes, is a 
convenient kind of substrate. Glass and quartz sub- 
strates are also convenient alternatives. As shown in 
FIG. 1 , a quantity of nutrient material 20 Is deposited 

35 (step S30) on substrate 10 and optionally patterned 
(step S35), and a suitable microbe propagule 30 is in- 
troduced on the patterned nutrient (step S40). Any prop- 
agules introduced onto parts of the substrate that are 
free of nutrient will not grow. 

40 [0006] Optionally, in applying the method to make a 
number of nanostructures simultaneously, selected 
propagules 30 may be irradiated (step S45) with actinic 
radiation such as ultraviolet light or X-rays to prevent 
their growth. Irradiating step S45 may be used as an 

45 alternative to, or in addition to, patterning step S35 In 
some applications of the method. The pattern formed by 
the patterned nutrient has dimensions commensurate 
with the desired size and orientation of the microbe to 
be grown. 

so [0009] In the next part of this method embodiment, a 
sacrificial mandrel is formed (step S50). On the nutrient, 
a microbe 40 grows from the propagule (step S60), gen- 
erally following the pattern of the nutrient, as shown in 
FIG. 2. Optionally, a portion of the nutrient may be re- 

55 moved (step S65) by conventional masking and non-di- 
rectional etching techniques if needed to provide an 
opening 45 under microbe 40 (FIG. 3A). Microbe 40 is 
optionally conformally coated with a polymer layer 50, 
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as shown in FIGS. 3A and 3B (step S70). This forms a 
sacrificial mandrel for the succeeding steps. 
[0010] FIGS. 3B, 4B, and 5B are side elevation cross- 
section views of structures corresponding to FIGS. 3A, 
4A, and 5A respectively. In FIG. 3B, the core of the sac- 
rificial mandrel is the microbe 40, and the outer layer 
consists of conf ormal polymer coating 50. Polymer layer 
50 may be polymethylmethacrylate (PMMA), a polyim- 
ide, or a photoresist, for example, though generally pho- 
tosensitivity is not required. Polymer layer 50 may con- 
veniently be polymerized in situ on the microbe surface, 
for example with parylene, which readily forms a con- 
formal coating when polymerized in situ. Another useful 
alternative polymer for polymer layer 50 is a polynor- 
bornene, such as Unity™ Sacrificial Polymer, which 
may be cleanly removed by pyrolysis at 350-425 C. This 
material is commercially available from Promerus Elec- 
tronic Materials of Brecksville, OH. Polymer layer 50, if 
used, serves to stiffen the sacrificial mandrel and to pre- 
vent collapse. The sacrificial mandrel is coated with a 
layer of material 60 chosen to form the desired nanos- 
tructure (step S80). 

[0011] Outer layer material 60 may be an inorganic 
substance, a conductive material such as a metal, a 
semiconductor, or an insulator as appropriate to the ap- 
plication. Gold is a suitable metal for many applications. 
Many suitable materials are known to those skilled in 
the art, including the conventional materials used in 
semiconductor integrated circuit fabrication. 
[001 2] While FIGS. 3 A, 3B, 4A, and 4B show interme- 
diate polymer layer 50, the microbe itself may be used 
as the sacrificial mandrel, without intermediate layer of 
polymer 50. That is, the nanostructure material 60 may 
be conformally coated directly onto microbe 40. 
[0013] In step S90, the sacrificial mandrel is removed, 
leaving nanostructure 70. FIG. 5B illustrates the cross- 
section of the hollow nanotube formed in this example. 
Any remaining nutrient material 20 can be removed from 
the substrate at the same time, e.g., by the same proc- 
ess by which the sacrificial mandrel is removed. Step 
S90 of removing the sacrificial mandrels may be per- 
formed in vacuum or partial vacuum, e.g. by plasma 
etching with oxygen plasma. Alternatively, step S90 of 
removing the sacrificial mandrels may be performed by 
wet etching, e.g., with nitric acid. 
[0014] It will be understood that non-pathogenic mi- 
crobes should be used. While the elongated microbes 
40 shown in the drawings have a generally cylindrical 
rod shape, those skilled in the art will recognize that oth- 
er forms of microbes exist that can be used in the meth- 
ods of the present invention. Various shapes, such as 
coccus, rod, spiral, and helical prokaryotes are suitable. 
Some eukaryotic microbes, such as animals, plants, 
and fungi, are also suitable, as noted hereinbelow. 
[001 5] Other microbial shapes of microbe 40 that may 
be chosen for particular applications include globose, 
subglobose, oblate spheroidal, suboblate spheroidal, 
ellipsoidal, oval, fusiform, filiform, acerose, discoidal, 



lenticular, bacilliform, sigmoid, reniform, allantoid, luna- 
te or crescentic, falcate, ovoid, obovold, lecythiform, py- 
riform, obpyriform, clavate, obclavate, capitate, spathu- 
late, blcampanulate, turbinate, rhomboidal, cuneiform, 

s dolabriform, campanUlate, napiform, biconic, lageni- 
form, peltate, ampulliform, doliiform, cymbiform or na- 
vicular, acicular, subulate, hamate or uncinate, corni- 
form, circinate, and ventricose shapes, and shapes with 
papillate, mucronate, or acute apices. 

10 [0016] Some specific suitable microbes are filamen- 
tous fungi, exemplified by the genera Acremonium, 
Fusarium, and Penicillium; filamentous bacteria, includ- 
ing Cyanobacteria and Actlnomycetes; filamentous an- 
imals, including, for example, filamentous Chromista, 

is such as the genus Saprolegnia and allies; filamentous 
plants, such as the algae genera Spirogyra, Tribonema, 
Oedogonlum; and the filamentous, silicaceous diatoms, 
such as the genus Melosira. 

[0017] As a particular example of a useful choice for 
20 the microbe shape, helical microbes may be used as the 
cores of the sacrificial mandrels to make nano-springs 
by methods performed in accordance with the present 
invention. 

[0018] A suitable nutrient 20 is conventional agar- 

25 agar culture medium, which may be deposited as a thin 
film on substrate 10 and patterned by conventional lith- 
ographic methods, including ink-jet-printing methods or 
embossing (imprint) lithography. Additional convention- 
al nutrients such as malt may be mixed with the agar- 

30 agar for particular microbes if desired. Alternatively, oth- 
er conventional microbe nutrients may be used. 
[0019] In employing the methods of the present inven- 
tion to fabricate a nanostructure array consisting of 
many nanostructures, the nanostructures are made si- 

35 multaneously on the same substrate 10. At least prop- 
agule -introducing step S40 and microbe-growing step 
S60 of FIG. 6 are performed in an environment substan- 
tially free of undesired organisms and having illumina- 
tion and temperature range controlled to be suitable for 

*o microbial growth. In nutrient-medium-patterning step 
S35, the nutrient is patterned to form a multiplicity of nu- 
trient islands spaced apart from each other. This pat- 
terning may be done before step S40 of introducing 
propagules 30. If the microbes introduced onto the nu- 

45 trient medium are elongated (e.g., generally cylindrical) 
and have a characteristic diameter, patterning of the nu- 
trient medium in step 35 may include forming islands 
having at least one lateral dimension greater than or 
equal to the characteristic diameter of the microbes. The 

so microbes tend to grow parallel to the direction of the 
longer dimension of the islands. 
[0020] Thus, another aspect of the invention is an ar- 
ray of nano-tubes, fabricated by the methods described 
hereinabove. The spacing and orientations of the nan- 

55 otubes of the array are determined by the spacing and 
orientations of the islands of nutrient previously pat- 
terned. 

[0021] A specific embodiment of a method for fabri- 
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eating nano-scale structures performed according to the 
invention inciudes the steps of providing a substrate 10 
having a surface on which microbes cannot grow, pro- 
viding an environment substantially free of undesired or- 
ganisms, depositing and patterning a nutrient medium 
20 on the surface of the substrate to form a multiplicity 
of nutrient islands spaced apart from each other, intro- 
ducing elongated, generally cylindrical microbes 40 or 
their precursors 30 onto the nutrient medium, growing 
the microbes 40 to form oriented sacrificial mandrels, 
optionally removing a portion of the nutrient medium 20, 
coating each oriented sacrificial mandrel with an inter-' 
mediate layer of polymer 50 and an outer layer 60 of a 
desired nano-tube material, and removing the sacrificial 
mandrels and the intermediate layer of polymer, while 
leaving oriented nano-tubes 70. If the intermediate pol- 
ymer layer 50 is not needed, it may be omitted. These 
embodiments of the method may also be practiced by 
performing the steps in the order recited above, or the 
order may be varied for particular applications. For ex- 
ample, in some instances, the nutrient medium 20 may 
be patterned after introducing microbes 40 or their pre- 
cursors 30. 

[0022] in accordance with another aspect of the in- 
vention, an array of nanostructures is provided, com- 
prising a multiplicity of nanostructures disposed in a pre- 
determined pattern on a substrate, the nanostructures 
being oriented, in a predetermined orientation, and the 
nanostructures being characterized by interior dimen- 
sions commensurate with the dimensions of predeter- 
mined microbes. A simple example of each nanostruc- 
ture of such an array is a nano-tube. 
[0023] In accordance with yet another aspect of the 
invention, a method is provided for using microbes 40 
to form nano-tubes, the method comprising the steps of 
providing a substrate 10, depositing a nutrient medium 
20 on the surface of the substrate, introducing elongated 
microbes 40 or their precursors 30 onto the nutrient me- 
dium, growing the microbes 40 to form oriented sacrifi- 
cial mandrels, optionally removing a portion of the nu- 
trient medium 20, coating each oriented sacrificial man- 
drel with an outer layer of a desired nano-tube material 
60, and removing the sacrificial mandrels, while leaving 
oriented nano-tubes. As described above, an interme- 
diate polymer layer 50 may be used between microbes 
40 and outer layer 60 if desired. 
[0024] In accordance with another aspect of the in- 
vention, a nano-scale structure carried by a substrate 
may be made. Such a nano-scale structure comprises 
an elongated microbe, the microbe being affixed to the 
substrate at one of its ends; a polymer coating covering 
the elongated microbe; and an inorganic coating cover- 
ing the polymer coating. The inorganic coating may 
comprise a conductor, a semiconductor, or an insulator. 
As described hereinabove, another nano-scale struc- 
ture may be formed by removing the microbe and/or by 
removing both the microbe and the polymer coating. 



INDUSTRIAL APPLICABILITY 

[0025] Methods of the present invention may be used 
to make an individual nanostructure, a few isolated na- 
5 nostructures, or a regular array consisting of a number 
of nano-scale structures. Nanostructures made in ac- 
cordance with the present invention may be used in 
many applications similar to those of single-wall carbon 
fullerene nanotubes, such as electron emitters, as well 
10 as in many other industrial applications where nano- 
scale elements of various shapes, such as nano-tubes 
or nano-springs, are needed. An integrated circuit incor- 
porating conductive nanostructures may be made by us- 
ing the methods of the Invention. 
is [0026] Although the foregoing has been a description 
and illustration of specific embodiments of the invention, 
various modifications and changes thereto can be made 
by persons skilled in the art without departing from the 
scope and spirit of the invention as defined by the fol- 
lowing claims. For example, the order of steps in the 
methods may be varied, and equivalent materials may 
be used other than those used in the example embodi- 
ments described. Methods performed in accordance 
with the invention may be repeated a number of times 
and combined with other steps, including conventional 
semiconductor fabrication methods, to fabricate more 
complex nanostructures. 



1 . An array of nanostructures, comprising: 

a multiplicity of nanostructures disposed in a 
35 predetermined pattern on a substrate, the na- 

nostructures being oriented in a predetermined 
orientation, and 

the nanostructures being characterized by in- 
terior dimensions commensurate with the di- 
40 mensions of predetermined microbes. 

2. A method for fabricating nano-scale structures, the 
method comprising the steps of: 

45 a) providing a substrate having a surface; 

b) depositing a nutrient medium on the surface 
of the substrate; 

so c) introducing microbes onto the nutrient medi- 

um; 



d) growing elongated microbes to form oriented 
sacrificial mandrels; 

e) optionally removing a portion of the nutrient 
medium; 



30 Claims 
1. An 
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f) coating each oriented sacrificial mandrel with 
an outer layer of a desired nano-tube material; 
and 

g) removing the sacrificial mandrels, while leav- 
ing oriented nano-tubes. 

3. The method of claim 2, further comprising the step 
of: 

h) patterning the nutrient medium to form a mul- 
tiplicity of nutrient islands spaced apart from 
each other. 

4. The method of claim 3, wherein the elongated mi- 
crobes are generally cylindrical and the generally 
cylindrical microbes have a characteristic diameter, 
and wherein the step h) of patterning the nutrient 
medium includes forming islands having at least 
one lateral dimension greater than or equal to the 
characteristic diameter of the generally cylindrical 
microbes. 

5. The method of claim 2, wherein the surface of the 
substrate comprises a material on which the mi- 
crobes cannot grow. 

6. The method of claim 2, wherein at least the step c) 
of introducing and the step d) of growing microbes 
are performed in an environment substantially free 
of undesired organisms and having illumination and 
temperature controlled to be suitable for microbial 
growth. 



sacrificial mandrels; 

e) optionally removing a portion of the nutrient 
medium; 

f) coating each oriented sacrificial mandrel with 
an outer layer of a desired nano-tube material; 
and 

g) removing the sacrificial mandrels, while leav- 
ing oriented nano-tubes. 

10. A mandrel fixture for fabricating a nano-scale struc- 
ture carried by a substrate, the mandrel fixture com- 
prising in combination: 

a) means for supporting and orienting the nano- 
scale structure relative to the substrate, the 
means for supporting and orienting being mi- 
crobial; and 

b) means for stiffening the microbial means for 
supporting and orienting the nano-scale struc- 
ture. 
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7. The method of claim 2, further comprising the step 35 
of: 

i) coating each sacrificial mandrel with an inter- 
mediate layer of polymer'before performing the 
step e) of coating each oriented sacrificial man- *o 
drel with an outer layer of a desired nano-tube 
material. 



8. An integrated circuit comprising an array of nanos- 
tructures fabricated by the method of claim 1 . 45 

9. A method of using microbes to form nano-tubes, the 
method comprising the steps of: 



a) providing a substrate having a surface; so 

b) depositing a nutrient medium on the surface 
of the substrate; 



c) introducing microbes or propagules thereof ss 
onto the nutrient medium; 

d) growing elongated microbes to form oriented 
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